ABSTRACT: Prolonged feeding of sericea lespedeza (SL) previously led to reduced serum concentrations of Mo, a cofactor in an enzyme complex that may be involved in weight gain. The current objective was to determine the effect of Mo supplementation on changes in serum, fecal, urine, and liver concentrations of trace minerals in lambs fed SL leaf meal pellets. Thirty ram lambs weaned in May (84 ± 1.5 d of age and 27 ± 1.1 kg; D 0) were blocked by BW, breed type (full or three-fourths Katahdin), and EBV of parasite resistance and randomly assigned to be fed 900 g/d of an alfalfa-based supplement (CON; n = 10) or a SL-based supplement (n = 20) for 103 d. Supplements were formulated to be isonitrogenous and isocaloric and to meet trace mineral requirements. Within the SL group, individual lambs were administered either 5 mL water or 5 mL of water with 163.3 mg of sodium molybdate (SLMO). Serum was collected on d 28, 56, and 104; a liver sample was collected by biopsy on d 104 to determine concentrations of trace minerals. Data were analyzed using a mixed model and orthogonal contrasts. Serum concentrations of Mo increased in response to the drench and were greatest in SLMO lambs and then CON lambs and lowest in SL lambs (P < 0.001). Concentrations of Mo in the liver (P < 0.001) were similar between CON and SLMO lambs and were lower in SL lambs than other groups. Serum (P < 0.001) and liver (P = 0.013) concentrations of zinc (Zn) were reduced in both SL and SLMO lambs compared with CON lambs. Serum concentrations of cobalt (Co) increased in CON lambs compared with SL and SLMO lambs between d 0 and 56 but were similar on d 104 (diet × day, P < 0.005) as with concentrations in the liver. Serum and liver concentrations of copper (Cu) were greatest (P < 0.001 and P < 0.001, respectively) in CON lambs followed by SL lambs and then SLMO lambs. Serum concentrations of selenium (Se) tended (P = 0.10) to be reduced in SL lambs compared with CON and SLMO lambs, but concentrations in the liver were reduced in SL lambs compared with CON lambs and even more so in SLMO lambs (P < 0.003). Although the dietary Mo did increase stores of Mo in the animal and reduced copper, trace minerals associated with metalloproteins-Mo, copper, selenium, and zinc-were reduced in the liver of SL-and/or SLMO-fed lambs. These reductions could be associated with the lower weight gains previously observed after prolonged feeding of SL.
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INTRODUCTION

Sericea lespedeza [SL;
Lespedeza cuneata (Dum.-Cours. G. Don)] is a warm-season perennial legume containing a high concentration of condensed tannins (Terrill et al., 1989; Powell et al., 2003) . Grazing or harvested SL has been determined to be important in the control of Haemonchus contortus (Min et al., 2004; Lange et al., 2006; Shaik et al., 2006; Terrill et al., 2007) and Eimeria spp. (Burke et al., 2013; Kommuru et al., 2014) . However, prolonged grazing or supplementation with SL (>56 d) decreased weight gain in lambs and kids (Burke et al., 2012 . Acharya et al. (2015) determined that feeding SL leaf meal pellets led to a reduction in concentrations of red blood cells or blood packed cell volume or serum concentrations of albumin, creatinine, and, initially, blood urea nitrogen compared with control-fed lambs, although all values were within a normal range. There was a slight decrease in weight gains toward the end of the current experiment (Acharya et al., 2015) , but the reduction was not significant as in previous experiments (Burke et al., 2012 .
The condensed tannin-protein complex escapes ruminal degradation and dissociates in the abomasum and intestine (Barry et al., 1986; Waghorn et al., 1987) . The condensed tannins bind not only to proteins but also to carbohydrates and minerals (reviewed by McSweeney et al., 2001) . Several authors have reported binding of commercially available tannins and condensed tannins with minerals (Donnelly et al., 1971; Pritchard et al., 1992; Silverstein et al., 1996) . Decreased mineral availability could contribute to decreased weight gain in SL-fed lambs if the condensed tannin-mineral complex does not dissociate in the abomasum.
Changes in absorption of macrominerals or in digesta of animals fed a condensed tannin-rich diet were not consistent (Chang et al., 1994; Waghorn et al., 1994; Scharenberg et al., 2007) and in lambs and goats fed SL (J. M. Burke and J. E. Miller, unpublished data) . A reduction in serum concentrations of trace minerals that form metalloproteins or enzymesMo, manganese (Mn), zinc, and selenium-occurred in lambs fed condensed tannin-rich SL pellets. In several research experiments with sheep and goats at Louisiana State University (Baton Rouge, LA) and the USDA Agricultural Research Service in Booneville, AR, in which SL compared with a control diet was fed for more than 56 d, there was a consistent reduction in serum concentrations of Mo (J. M. Burke and J. E. Miller, unpublished data) . Molybdenum is an essential component of the enzyme complexes xanthine oxidase and sulfite oxidase (Schwarz et al., 2009 ) that could be important to growth and other physiological functions (Anke et al., 1978) .
Because of the popularity of grazing SL or feeding SL hay or pellets, which are commercially available, for an aid in the control of parasites in sheep, it is important to understand its effects on trace mineral availability or turnover in the animal. There were indications in previous experiments that trace minerals, especially Mo, were reduced in SL-fed sheep and goats (J. M. Burke and J. E. Miller, unpublished data) . Therefore, the objective of this study was to determine the effect of Mo supplementation on serum, liver, urine, and fecal concentrations of trace minerals in lambs fed SL leaf meal pellets.
MATERIALS AND METHODS
Location
The experiment was conducted at the USDA-ARS Dale Bumpers Small Farms Research Center in Booneville, AR (35°N, 94°W), between early May and late August 2013. Average rainfall per month was 113 mm; average maximum and minimum temperatures during the trial were 30°C and 18°C, respectively.
Animal Procedures
All animal procedures were approved by the Institutional Animal Care and Use Committee of the Agricultural Research Service (protocol number USDA-ARS-74-F-002), and the sheep flock is certified by the Animal Welfare Approved program (http:// www.animalwelfareapproved.org).
Procedures were previously described (Acharya et al., 2015) . Ram lambs (Katahdin [n = 14] and onefourth Romanov × three-fourths Katahdin [n = 16]) were weaned in May (84 ± 1.5 d of age; late spring) and blocked by BW (27.2 ± 1.1 kg), EBV for parasite resistance (National Sheep Improvement Program; www. nsip.org), and breed type. Lamb blocks were randomly assigned to be fed 900 g/d of an alfalfa-based supplement (CON; n = 10) or a SL leaf meal-based supplement (n = 20). Supplemental diets were offered to each group at 0800 h and entirely consumed by the next day. The CON and SL supplements were balanced for energy (60% TDN), protein (16% CP), vitamins, and trace minerals (met or exceeded requirements) to meet moderate gains according to the NRC (2007; Table 1 ). Two lots of SL pellets (Sims Brothers, Inc., Union Springs, AL) were mixed and used for diets fed on d 0 through 35, and another lot of SL pellets was used for d 36 through 103 due to formation of mold on the first lot associated with excess moisture. Previous experience in our laboratories has shown that the concentration of condensed tannins have been consistent from lot to lot. The extractable, protein-bound, fiber-bound, and total condensed tannins in the early SL pellets were 2.4, 1.5, 0.2, and 4.0%, respectively, and those of the pellets fed during the latter part of the experiments were 2.7, 9.5, 0.22, and 12.4%, respectively (Acharya et al., 2015) , the latter sample or lot having higher protein-bound and total condensed tannins than that of previous research (J. M. Burke, unpublished data) . Supplements were mixed at the University of Arkansas feed mill (Fayetteville, AR; 126 kg/mixing, which occurred every 14 d; Acharya et al., 2015 ; Table 1 ). The first day of dietary treatment was considered d 0.
Within the SL group, individual lambs were administered either 5 mL water or 5 mL of water with 163.3 mg of sodium molybdate (SLMO; sodium molybdate dehydrate; North Metal & Chemical Co., York, PA; 39% Mo) on Monday, Wednesday, and Friday at 0700 h (n = 10/drench; all CON lambs received 5 mL water). The targeted dose of Mo was 27.3 mg/lamb daily. Control lambs were not treated with Mo due to further risk of copper deficiency (Suttle, 1991) as this sheep flock has a history of submarginal levels of copper (Burke et al., 2004; Burke and Miller, 2006) .
Lambs grazed one of four 0.34-ha plots containing mostly endophyte-infected tall fescue (Lolium arundinaceum), with some bermudagrass (Cynodon dactylon) and a small proportion of other warm season grasses (n = 2 replicates/diet) and were rotated among plots every 2 wk to minimize plot effect. The mean CP, ADF, and NDF of forages in plots were 13, 34, and 58%, respectively (determined every 14 d; Acharya et al., 2015) . Based on the amount of supplement fed, lambs were expected to consume between 70 and 310 g of forage DM daily, an amount not likely to lead to fescue toxicosis (Tor-Agbidye et al., 2001 ). Water and shade was always available, forage was never limiting, and no trace mineral mix was offered as the supplement included essential vitamins and minerals.
Sample Collection and Trace Mineral Analyses
Random samples of pellets and mixed supplements were grabbed from bags and ground to pass through a 1-mm screen in a Thomas-Wiley laboratory mill model 4 (Arthur H. Thomas Co., Philadelphia, PA) to determine trace mineral concentrations.
Blood was collected on d 28, 56, 84, and 104 d, approximately 60 to 120 min after drenching with sodium molybdate (SLMO only), by jugular venipuncture into trace element serum tubes (Vacutainer; Becton, Dickinson and Company, Franklin Lakes, NJ). Blood was allowed to clot for 3 h at room temperature and then centrifuged (Beckman Coulter T J6 refrigerated centrifuge; Beckman Coulter, Fullerton, CA) at 1,000 ×g for 20 min at 5°C. Serum was collected and stored at 2°C until shipped on ice packs within 24 h.
Fecal and urine samples were collected on d 56 between 0700 and 0900 h before lambs were fed. Fecal samples were collected directly from the rectum and dried at 22°C for 16 h (Fisher, Pittsburgh, PA; Isotemp oven 300 series, model 338 F) and then ground. Concentrations of selenium were not determined in feces. Urine was collected from individual lambs in 120-mL flasks. Ten milliliters of each sample was transferred into trace element-free serum tubes (Becton, Dickinson and Company), and 200 μL of 30% HCl was added. Urine samples were then freezedried at -20°C until shipped.
On d 104, 15 mg of the liver was collected using a biopsy needle (Tru Cut; LVWR Scientific Products Corp., Seattle, WA) inserted between the 11th and 12th rib diagonally between the tuber coxae and the olecranon process, after clipping hair and administering lidocaine (20 mg/mL; Lido-epi; Radix Labs, Eau Claire, WI). Tissue was placed in 6-mL trace element serum tubes (Becton, Dickinson and Company). Samples were kept refrigerated until shipped. Wahlen et al., 2005) . Concentrations of cobalt, copper, iron (Fe) , Mn, Mo, and zinc were analyzed together, and concentrations of selenium were analyzed separately for each biological sample.
Statistical Analyses
Serum concentrations of trace minerals were analyzed as repeated measures (Littell et al., 1996) using mixed models with a compound symmetry covariance structure (SAS Inst. Inc., Cary, NC). Orthogonal contrasts were used to determine differences between CON and SL, SL and SLMO, and CON and SLMO. Animal was the experimental unit. General linear models were used to determine differences in liver, fecal, and urine concentrations of trace minerals. Variables in the models included dietary treatment, breed type, day (repeated measures), and interactions. If the P-value of the interaction was >0.10, it was subsequently removed from the model. Outliers (more than 3 SD) of any value from individual lambs were removed from the data set. Means were separated using the PDIFF option at a significance level of P < 0.05. Concentrations of Fe and copper in urine were below the detection level of the mass spectrophotometer; therefore, means will not be presented.
RESULTS
Concentration of Trace Minerals in Dietary Supplements
Concentrations of macro-and microminerals in the supplements were analyzed (Table 2)
Serum Concentration of Trace Minerals
Serum concentrations of Mo increased in response to the drench and were greatest in SLMO lambs and then CON lambs and lowest in SL lambs (P < 0.001; Table 3 ); no interaction with time was detected. Serum concentrations of copper (P < 0.001) and zinc (P < 0.001) were reduced in both SL and SLMO lambs compared with CON lambs, and there was no interaction with time. Serum concentrations of cobalt increased in CON lambs compared with SL and SLMO lambs between d 0 and 56, but all were similar on d 104 (diet × day, P < 0.005; Fig. 1 ). Serum concentrations of selenium tended to be reduced in SL lambs compared with CON and SLMO lambs (P = 0.10). Serum concentrations of Fe and Mn were similar among dietary groups. There was no effect of breed type on serum concentration of trace minerals except selenium, which was lower (P = 0.013) in crossbreed lambs compared with full Katahdin lambs.
Urine Concentrations of Trace Minerals
Concentrations of Mo in urine were similar between CON and SLMO lambs and lower in SL lambs (P < 0.001; Table 4 ). Concentrations of zinc tended (P = 0.059) to be reduced in urine in both SL and SLMO lambs compared with CON lambs. Urinary concentrations of cobalt increased (P = 0.027) in CON lambs compared with SL and SLMO lambs. Urinary concentrations of selenium and Mn were similar (P = 0.16) among dietary groups. Katahdin lambs had higher (P = 0.03) urine concentrations of selenium but lower (P < 0.09) concentrations of zinc compared with crossbreed lambs. No other breed effects were detected.
Fecal Concentrations of Trace Minerals
Concentrations of Mo in feces were lowest in CON lambs, highest in SLMO lambs, and intermediate in SL lambs (P < 0.001; Table 5 ). Fecal concentrations of cobalt (P < 0.001), copper (P < 0.001), Fe (P < 0.007), and zinc (P < 0.001) were reduced in both SL and SLMO lambs compared with CON lambs. Fecal concentrations of Mn were lower (P = 0.025) in SLMO lambs than in SL lambs and highest in CON lambs. Katahdin lambs had higher (P < 0.01) fecal concentrations of cobalt than crossbreed lambs. Otherwise, no other breed effects were detected.
Liver Concentrations of Trace Minerals
Concentrations of Mo in the liver were similar between CON and SLMO lambs and lower in SL lambs compared with the other groups (P < 0.001; Table 6 ). Liver concentrations of copper (P < 0.001), selenium (P < 0.003), and zinc (P < 0.013) were greater in CON lambs compared with SL and SLMO lambs. Concentrations of cobalt, Fe, and Mn in the liver were similar among dietary groups. Katahdin lambs tended to have lower (P = 0.09) Fe concentrations and higher (P < 0.08) zinc concentrations compared with crossbreed lambs, but otherwise, there were no other breed effects.
DISCUSSION
The diets were formulated to meet or exceed dietary requirements (NRC, 2007) . The alfalfa and SL pellets were high in calcium (Ca) ; therefore, the mixed supplement exceeded the dietary requirements. The targeted level of phosphorus (P) was slightly lower than intended. The levels of zinc and selenium added to the supplement were in excess of recommended values (NRC, 2007) because of previous flock issues with marginal serum concentrations of these trace minerals that occurred before this experiment. Although liver concentrations of selenium in all lamb groups in the current experiment were above reference values, liver concentrations of zinc and serum concentrations of selenium were within reference values (Herdt and Hoff, 2011) . However, serum concentrations of zinc in all groups were marginal and lower in the SL-fed lambs.
We were successful in meeting the target dietary concentration of sodium molybdate, administered as a drench 3 times weekly, according to concentrations of Mo in the liver in SLMO lambs. This allowed us to determine whether the changes in weight gain and sometimes a general unthriftiness toward the end of previous experiments may have been associated with the observed low serum concentrations of Mo (J. M. Burke and J. E. Miller, unpublished data) . Indeed, in the current experiment, serum, liver, and urine concentrations of Mo were reduced in SL lambs compared with CON-fed lambs. However, fecal concentrations were increased in both SL and SLMO lambs compared with CON lambs, suggesting that some excess Mo may end up in feces. Other trace a-c Means within a row lacking a common superscript differ (P < 0.05). 1 Diet × day, P < 0.005 (Fig. 1) . minerals in which we observed a reduction in our as yet unpublished experiments were zinc and sometimes selenium and copper, which all were reduced or showed a tendency for reduction compared with CON in the liver and serum in the current experiment. A reduction in the trace minerals Mo, copper, selenium, and zinc in the current experiment in response to SL leaf meal supplementation was likely associated with its relatively high concentration of condensed tannins or proanthocyanidins (Mechineni et al., 2014) . Condensed tannins may bind to minerals so that they are unavailable for absorption (McSweeney et al., 2001 ), but to the author's knowledge, it is unknown whether this is true for these trace minerals. Although it is clear why more Mo would be found in feces, it is puzzling why copper and zinc would be reduced in feces in SL lambs compared with CON-fed lambs. If absorption did occur, hair and muscle act as large pools for both of these minerals (Suttle, 2010) but were not measured in the current study. Very little zinc is excreted in the urine, whereas most is excreted in pancreatic secretions, which were not measured, and feces. It is known that interactions of molecules with minerals is very complex and can influence availability to the animal (Suttle, 2010) .
Molybdenum is essential in the enzyme complexes xanthine oxidase, which is important in purine degradation, and sulfite oxidase, which detoxifies cells and is involved in cysteine metabolism (Schwarz et al., 2009) . Little is known about the effects of very low concentrations of Mo in sheep and goats. When deficient in the diet of goats over a long period of time, growth and reproduction were impaired and eventual death occurred (Anke et al., 1978) . In the current experiment, serum and liver concentrations of Mo were within the normal range (Herdt and Hoff, 2011) .
Copper is a component of cytochrome oxidase, superoxide dismutase, and several other enzymes that promote functions in growth, immune competence, and the nervous system (Prohaska, 2006) . A primary copper deficiency is one in which copper requirements by the diet and a secondary deficiency is where there is bioactive interference, such as an excess of Mo, Fe, or Ca in the diet, that prevents copper absorbance (Graham, 1991) . The excess Ca, resulting in 18 g in the CON supplement and 14 g in the SL supplement, could have interfered with copper absorbance, yet only the SL and SLMO lambs were deficient in copper as measured in the liver, the most sensitive means of evaluation. Clearly, the dietary sodium molybdate tied up copper in the SLMO group of lambs. Even a marginal copper deficiency can lead to decreased weight gains (Herdt and Hoff, 2011) . Serum concentrations of Fe in all groups of lambs were not in excess of reference values (Herdt and Hoff, 2011) . Surprisingly, even though Mo was lower in the SL group, regardless of the antagonistic relationship (Suttle, 1991) , concentrations of copper were lower as well.
Selenium is an essential component of glutathione peroxidases, deiodinases, and thioredoxins and plays an important role in reproduction, immune function, and growth (NRC, 2007; Herdt and Hoff, 2011) . High dietary Ca reduces the absorption of selenium (Spears, 2003) . Serum selenium is a good indicator of dietary intake. Liver concentrations of all lamb groups appeared to be in excess of reference values, but serum values were within range (Herdt and Hoff, 2011; T. H. Herdt, personal communication) . Concentrations of selenium may have been reduced in response to SL leaf meal as indicated by a reduction in the liver of SL and SLMO lambs but was not significant among groups in serum.
Zinc is another trace mineral integral to a metalloenzyme and is important in regulation of appetite, growth, and immune function. Liver and serum zinc may not reflect the status of zinc in the body because there is no welldefined storage pool (Herdt and Hoff, 2011) . Although concentrations of zinc in the liver were within reference range (Herdt and Hoff, 2011; T. H. Herdt, personal communication) , serum concentrations of zinc in SL and SLMO lambs were marginal and reduced compared with CON lambs. A zinc deficiency leads to poor feed intake and growth (Herdt and Hoff, 2011) . The trace minerals that complex with metalloenzymes and condensed tannins could have effected growth or immune function of the SL-fed lambs. Acharya et al. (2015) reported some reduction in white blood cells and neutrophils in these SL-fed lambs but no changes in lymphocytes, eosinophils, monocytes, or basophils. Acharya et al. (2015) observed a reduced weight gain in SL and SLMO lambs between d 84 and 112 (lambs weighed after the experiment), but it was not significant (P = 0.11). However, in previous experiments, which prompted the current study, there were significant reductions in weight gain in lambs and goats fed or grazing SL (Burke et al., 2012 .
Mean serum concentrations of cobalt were above the normal range on d 28 in all lambs and in CON lambs on d 56 (0.18 to 2.0 ng/mL; Herdt and Hoff, 2011) , but concentrations were reduced in SL and SLMO lambs on d 56 and in all groups by d 104. There was more naturally occurring cobalt in the SL leaf meal pellet than in the alfalfa pellet (data not shown) and none was added to the SL supplement, but a trace amount of cobalt carbonate was needed in the CON supplement (NRC, 2007) . Serum cobalt concentrations are influenced by dietary intake (Herdt and Hoff, 2011) and perhaps source; therefore, interpretation is difficult. In previous unpublished studies, sometimes there was a reduction in serum concentrations of cobalt in SL-fed lambs or goats. Nonetheless, liver concentrations of cobalt were similar between diets.
We have also reported on increased weight gains on goats fed SL in Georgia (Shaik et al., 2006; Moore et al., 2008) . It was determined that serum concentrations of trace minerals of goats fed SL were not different than those of control-fed goats (T. H. Terrill, unpublished data) and values suggested that goats were well within the required values for all trace minerals (T. H. Herdt, personal communication), unlike the Arkansas and Louisiana small ruminants. There could be differences in feeding programs, mineral supplements, or concentrations of minerals in soils. It seems reasonable that farmers that desire to use SL for parasite control should have a very good trace mineral supplement to minimize deficiencies that could occur with prolonged feeding.
It is not clear why serum and urine concentrations of selenium would be lower in crossbreed lambs. The Romanov and Katahdin breeds are genetically very distant (Blackburn et al., 2011) , which could contribute to different immune strategies between breed types, to which selenium could contribute.
Conclusion
Although the dietary Mo did increase stores of Mo in the animal and reduced copper, trace minerals associated with metalloproteins-Mo, copper, selenium, and zinc-were reduced in the liver of SL-and/or SLMOfed lambs. Molybdenum likely was not a limiting mineral in SL-fed lambs according to concentrations found in the liver, but copper was marginal and could affect animal performance if SL was fed long term. Farmers who choose to use SL forage or a dried SL product for nutrients or parasite control for long-term feeding should provide good trace mineral supplementation to sheep or goats to minimize any potential deficiencies that could occur in response to binding with condensed tannins.
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